A common means by which microorganisms adapt to growth on novel substrates is by derepression of preexisting enzymes with low but appropriate activities (4, 14, 22) . A classic system for the study of this phenomenon is the acquisition of growth on the pentitol xylitol by the constitutive production of the catabolic enzymes for another pentitol, ribitol (8, 10, 11, 14, 15, 18, 25) . It has been shown that ribitol dehydrogenase (RDH), the first enzyme of ribitol catabolism, also catalyzes the conversion of xylitol into xylulose, which is then metabolized through either of two xylulokinases (23) . Furthermore, it has been shown that selection for mutants that grow better on xylitol leads to hyperconstitutive production of RDH (often by gene duplication) at much higher frequency than changes in enzyme specificity (8, 18) .
Since most characterized pathways are inducible, it is assumed that inducible control generally returns to a novel pathway in nature. The generally accepted reason is protein economy, since inducible strains waste less energy synthesizing unnecessary proteins and therefore have a selective advantage.
We show here with Escherichia coli that constitutive production of ribitol catabolic enzymes selected in response to xylitol results in more direct disadvantages to the cell. Such constitutive strains acquire sensitivity to certain other polyols. Furthermore, levels of the ribitol catabolic enzymes that result from selection for growth on xylitol are in conflict with a repression mechanism, which normally prevents overproduction of these enzymes. The result is that high xylitol concentrations repress the constitutive ribitol enzymes needed for growth on xylitol and so prevent growth. Selection g of agar per liter for plates. Growth of bacteria, the isolation of negative mutants, P1-mediated transduction, and conjugation are by standard procedures as previously described (16) . Ribitol-constitutive derivatives were selected by their ability to utilize xylitol as sole carbon and energy source (25) . D-Arabitol-constitutive strains were selected by their ability to utilize D-xylose in the absence of D-arabitol dehydrogenase (ADA) and D-xylose-induced D-xylulokinase (XXK) activities or by their ability to reduce 2,3,5-triphenyl tetrazolium chloride on Con plates in the presence of substrate (12) . (24) . D-Ribulokinase (DRK) and the D-arabitol-induced xylulokinase (AXK) were measured in the pyruvate kinaselactic dehydrogenase system (2) . Protein determinations were by the Folin phenol method (13 (Table 3) . Of 185 independent D-arabitolresistant mutants examined, 29 were xylitol' ribitol-(all four classes were represented), indicating that DRK is responsible for the polyol sensitivities (Table 3 ). This conclusion was verified enzymatically with two independent representatives of the xylitol+ ribitol-mutant class; each lost DRK activity while retaining the RDH activity of the parent (Table 4) . Thus, the elimination of DRK was sufficient to abolish sensitivity to all three of these polyols.
Xylitol+ XK134, were ribitol sensitive. Since these strains were already blocked in ADH, the sensitivity must have been due to AXK or to some unidentified function under D-arabitol control. We performed two additional experiments, both of which are consistent with the conclusion that AXK causes ribitol sensitivity. In one, we selected by another method (12) a D-arabitolconstitutive derivative of the AXK-XXK-RDH-strain XK123. Neither XK123 nor the constitutive derivative, XK124, was sensitive to ribitol. Thus, the presence of constitutive AXK, but not of constitutive ADH, leads to ribitol sensitivity. In another experiment, we used Darabitol sensitivity to select for AXK-derivative of ribitol-sensitive strains. (ADH-strains are normally sensitive to D-arabitol due to the action ofAXK, although the degree of sensitivity varies [Scangos and Reiner, submitted for publication].) These D-arabitol-resistant derivatives of XK114 and XK134 were ribitol resistant as well. Enzymatic data confirmed the presence of constitutive AXK in the parents (0.31 and 0.40 ,umol of NADH oxidized/min per mg of protein, respectively) and of no detectable (<0.05) AXK in the ribitol-resistant derivatives.
DISCUSSION
Mutation to constitutive synthesis of the ribitol catabolic enzymes confers the ability to grow on xylitol. This has provided a classic system for the study of the acquisition of new metabolic capabilities by derepression of preexisting enzymes (8, 10, 11, 14, 15, 18, 25 Table 2. constitutive enzyme production can be directly disadvantageous to the cell.
Constitutive production of the ribitol catabolic enzymes can lead to sensitivity to other polyols. The sensitivity is due to the action of DRK, which we presume phosphorylates the polyols, leading to the accumulation of toxic phosphorylated intermediates. Although we do not have direct evidence that DRK phosphorylates the polyols, the well-documented toxicity of phosphorylated carbohydrates (5, 6, 20, 26) , the fact that phosphorylation is the normal reaction of the enzyme, and the fact that a closely related enzyme, L-ribulokinase from Aerobacter, has been shown to phosphorylate directly both ribitol and L-arabitol (20) The disadvantageous effects of bypassing controls that moderate the level of catabolic enzymes have been reported previously. Hyperconstitutive levels of the glycerol catabolic enzymes of E. coli K-12 lead to growth inhibition due to the accumulation of the toxic metabolite methylglyoxal (7) . The addition of cyclic 3',5'-AMP to cultures utilizing as carbon source D-xylose, L-arabinose, or glucose-6-phosphate inhibits the growth of wild-type E. coli K-12, also due to the accumulation of methylglyoxal (1). The situation which we report closely resembles these, and may result from the same mechanism.
We believe that toxicities resulting from constitutive enzyme production directly can act as a selective force toward acquisition of a new, inducible pathway. Table 3 shows that only one of the four classes of mutants of a xylitol' (ribitol-constitutive) strain exposed to D-arabitol retains the ability to utilize both the original substrate ribitol and the novel substrate xylitol. This class includes strins that have a change in the specificity of DRK (so that it no longer causes toxicity) and strains that have become inducible in response to the novel substrate, xylitol. This latter is the very class that one expects in nature to eventually replace the constitutive mutants that initially arise in response to novel substrates. In the event that a gene duplication also had occurred (predicted and, in the case of the ribitol enzymes, found to be a common occurrence during selection for xylitol growth [8, 18, 22] ), direct return to inducible control is more likely to be the consequence of exposure to a newly toxic substance, since the possibility of preventing toxicity by a single structural gene mutation is eliminated.
